The effects of microwave heating for 3, 6, and 9 min at a frequency of 2450 MHz on fatty acid composition, tocopherols, iodine value, free fatty acids (%), peroxide value, conjugated dienes and trienes, and hexanal contents of refined hazelnut, soybean, sunflower, and virgin olive oils were investigated. A significant (p < 0.05) decrease was observed in linoleic and linolenic acids contents of soybean oil during exposure to microwave heating. Tocopherol contents of oil samples significantly decreased (p < 0.05) during microwave heating. Free fatty acids of the samples slightly increased and iodine value showed reduction throughout the process. Conjugated dienes contents of samples showed an increasing trend up to the 6 min, followed by a reduction at 9 min. Conjugated triene fatty acids of all the samples significantly increased (p < 0.05) throughout the application. While peroxide value showed increasing trend up to the 3 min and sharply decreased at 9 min, hexanal contents of refined hazelnut, virgin olive, soybean, and sunflower oils increased 63, 28, 55, and 389 fold, respectively, after 9 min exposure to microwave heating. Kinetic analysis of data showed that the reaction orders for peroxide and hexanal formation were zero and first order, respectively, and in the tested oils the reaction rate followed the order: soybean oil ˃ sunflower oil ˃ hazelnut oil ˃ virgin olive oil for peroxide, and sunflower oil ˃ soybean oil ˃ hazelnut oil ˃ virgin olive oil for hexanal formation. It was concluded that hexanal could be considered as a parameter for evaluation of the quality of oils exposed to microwave heating.
Introduction
Ease and convenience of use and energy, time, and cost saving characteristics make microwave heating an attractive alternative method for food preparation and cooking. Microwave ovens are widely used at homes and restaurants for reheating and cooking purposes. Microwave energy has potential applications in industry such as heating, thawing, defrosting (or tempering), dehydration, baking, rendering of fats, blanching, pasteurization, sterilization, synthesis, and extraction. [1, 2] The popularity of the microwave applicable foods which have been flooded to the market leads researchers to investigate the effects of microwave heating on food constituents. Among the numerous reactions that take place during food processing, lipid oxidation has a determining role for the quality and safety of food. [2] Oxidation is a complex reaction that involves series and parallel reactions which are affected by several factors. Lampi et al. [3] indicated that the amount of unsaturated fatty acids and their degree of unsaturation are the most important factors affecting oxidation and other factors, such as the position of unsaturated fatty acids in the triacylglycerols and the presence of anti-and pro-oxidants controlling oxidizability. Some researchers investigated the effects of microwave heating directly applied on oils [4] [5] [6] [7] [8] [9] [10] and others evaluated the effects of microwave application on oils extracted from microwaved seeds. [11] [12] [13] [14] [15] [16] Jittrepotch et al. [11] indicated that 0, 2.5, 3.5, 4.4, 5.5, and 6.5 min exposure to microwave heating significantly increased (p < 0.05) the peroxide value (PV), anisidine, and free fatty acid (FFA) of the peanut seeds oil. Lukesova et al. [7] reported that the PV, conjugated dienes, and trienes of rapeseed oil, corn oil, soybean oil (SBO) and sunflower oil (SFO) increased gradually as microwave heating was progressing. Anjum et al. [15] reported that microwave roasting of sunflower seed for 10 and 15 min significantly increased the FFA, p-anisidine, saponification, conjugated dienes and trienes, density, and color, and decreased the iodine value (IV) and tocopherol contents of oils extracted from exposured seeds.
Generally, the effects of microwave heating on oils and fats have been evaluated by determining the acid value which presented hydrolytic reactions; PV, conjugated diene and triene acids as indicators of primary oxidative reactions; and anisidine and thiobarbituric acid reactive substances (TBARS) as indices of secondary oxidative reactions. Recently, hexanal has been used as an important indicator of lipid oxidative deterioration. [17] [18] [19] Hexanal is a secondary metabolite of lipid oxidation, formed from the breakdown of linoleic acid hydroperoxides. [18] Chitsamphandhvej et al. [20] reported that hexanal is the major product of fat oxidation that increases in content during storage. Garcia-Martinez et al. [21] noted hexanal as the major volatile oxidation compound found in oil and triacylglycerols rich in linoleic acid. Hexanal is also related to oxidative off-flavor and due to its low threshold (5 ppb) hexanal is easily detected. [22] Besides of considering hexanal as indicator of oil oxidation and oxidative off-flavor, hexanal and heptanal are regarded as parameters for diagnosing of lung cancer [23] and hexanal, 1-octen-3-ol, and octane are reported as biomarkers of liver cancer. [24] The objective of this study was to determine the effects of microwave heating on the fatty acid composition and tocopherol contents, and levels of oxidation of different vegetable oils by evaluating PV, diene and triene conjugation, and hexanal contents.
Materials and methods

Material
Refined hazelnut oil (HO), SBO, SFO, and virgin olive oil (OO) were obtained from local markets in Van, Turkey. A mixture of 37 fatty acid methyl esters (FAME; C4-C24) and a 2 cm solid phase microextraction (SPME) fiber coated with 50/30 µm divinylbenzene/carboxen/polydimethylsiloxane were purchased from Supelco Co. (Bellefonte, PA, USA). Hexanal, n-hexane, iso-propanol, 2methyl-3-heptanone, tocopherols, and tocotrienols were obtained from Sigma-Aldrich Chem. Co. (St. Louis, MO, USA). The common chemicals were of analytical reagent grade.
Sample preparation
A domestic microwave oven (Arçelik, Model 2450 MHz, Turkey) operated at 600 W was used in this study. Two samples of each oil (10.0 g) and its replicates were weighed in 20 mL amber screw-top headspace glass vial with secure seal, one vial for chemical analysis (FAME, IV, tocopherol, FFAs, PV, diene and triene conjugated contents) and the other for hexanal determination. Oil samples were then heated in the microwave oven in the center of the rotated plate 27 cm in diameter simultanously for each time periods (3, 6, and 9 min). At the defined intervals, the samples were taken out of the oven, cooled rapidly, and stored at -18ºC until the analysis. Seperate samples were used for different heating times. Two independent series of experiments were carried out under the same conditions and the analysis was duplicated. As control groups, same analyses were applied to untreated oil samples.
Fatty acid composition
The FAMEs were prepared according to IUPAC methods [25] and analyzed using a Shimadzu GC-2010 model gas chromatograph (Kyoto, Japan) equipped with a flame ionization dedector (FID) and a DB23 column (60 m, 0.25 mm i.d., 0.25 mm film thickness; J&W Scientific, Folsom, CA, USA). Injector, column, and detector temperatures were 230, 190, and 240ºC, respectively. The split ratio was 1:80. The carrier gas was helium at a flow rate of 1.5 mL/min. IV of the oil samples was calculated from fatty acid composition according to AOCS Official Method Cd 1c-85. [26] 
Tocopherol analysis
The samples were prepared by dissolving 1 g of each oil in 9 g of hexane and injected into a normal phase high-performance liquid chromatography (HPLC) to analyze tocols [27] using a Shimadzu SCL-10A HPLC system (Kyoto, Japan). The chromatographic separation was done with a Lichrosorb Si60-5 (250 × 4.6 mm id, particle size S-5µm; Hichrom, Reading, UK). The column temperature was maintained at 25ºC. Separation of the tocols was based on isocratic elution with n-hexane (99%) and iso-propanol (1%) at 1 mL/min. Fluorescence detection utilized excitation and emission wavelengths of 295 and 330 nm, respectively. Tocols were quantified based on peak areas compared with standard solutions of tocopherols and tocotrienols.
Oxidation measurements
FFA, PV, conjugated dienes (K 232 ) and trienes (K 270 ) fatty acids were determined according to AOCS Official Method Ca 5a-40, Cd 8-53, and Ch 5-91, respectively. [26] A 2 cm SPME fiber was used for the extraction of hexanal. The SPME fiber was conditioned in a gas chromatograph injection port at 270ºC for 1 h before use. The 10 g of each sample which was already weighed and microwaved was devided into two 5 g portions for duplication of SPME analysis for each treatment. Ten microliters of internal standard solution, 2-methyl-3-heptanone (1.37 ppm w/w) and a stirring bar were added to each 20 mL amber screw-top headspace glass vial with secure seal that contained 5 g sample. Five min equilibration at 40ºC with constant stirring by using a digital hot plate (Heidolph Instruments Gmbh and Co. KG, Schwabach, Germany) was applied to sample then the SPME fiber was exposed for 30 min to the headspace of the vial for hexanal extraction at the same temperature. After the extraction, desorption was performed in the injection port of an Agilent 6890 series GC (Agilent Technologies, Palo Alto, CA). The injector temperature was set at 250ºC and splitless injection mode was used for 5 min. The samples were analyzed on a HP-Innowax column (30 m, 0.25 mm i.d., 0.25 µm film thickness, J&W Scientific, Folsom, CA, USA). Helium was used as the carrier gas at a constant flow rate of 2 mL/ min. The oven temperature was programmed at 35ºC for a hold of 5 min, and increased to 75ºC at a rate of 8ºC/min, then increased to 220ºC at a rate of 40ºC/min and hold at the final temperature for 5 min. The FID detector temperature was 270ºC. Samples were analyzed in duplicate, and the same fiber was used for the entire experiment. [28] The concentrations of hexanal in tested samples were calculated based on the calibration curve. Calibration curves for the hexanal were constructed by applying linear regression analysis on the concentration ratio (concentration of compound/concentration of internal standard) and peak area ratio (area of compound/area of internal standard). [29] 
Statistical analysis
Data for each sample were recorded as means ± standard deviation and analyzed by SPSS (SPSS Inc., Chicago, IL) for Windows (ver.16.0). One-way analysis of variance (ANOVA) and Duncan's multiple range test [30] was performed to test any significant differences between samples. Significance level was established at p < 0.05.
Data analysis
It is well known that oxidation is a mixed reaction that involves series and parallel reactions. [31] In this study, the kinetic data analyses were done according to the kinetic model suggested by Basturk et al. [32] In this model, the orders of the reactions were not restricted and the kinetic expression of the autoxidation was written as Eq. (1):
where (meq O 2 /kg oil), t is time, k 1 and k 2 are the autocatalytic and decomposition rate constants, respectively, and α and β are the orders of the oxidation and decomposition reactions, respectively. Also, the increasing rate of Hexanal (H) that represents the content of secondary oxidation products was used to solve Eq. (1). It was assumed that the decomposition rate of PV is equal the production rate of H (Eq. 2):
The differential method was used to solve the Eq. (2) and the numerical method was used to determine the dH dt values from raw data. After the linearization of Eq. (2), the slope and the intercept of the line were determined as β and Ln (k 2 ), respectively.
Thereafter, Eq. (1) was rewritten as Eq. (3);
The differential method was also used to solve the Eq. (3) and the numerical method was used to determine the dPV dt values from raw data again. After the linearization of Eq. (3), the slope and the intercept of the line were determined as α and Ln (k 1 ), respectively.
Results and discussion
Fatty acid composition and IV
The most abundant fatty acid in HO and OO was oleic acid and the major fatty acid of SBO and SFO was linoleic acid (Table 1) . Linolenic acid was found in relatively high amount in SBO. Microwave heating for 9 min did not remarkably affect the fatty acid composition of examined oils, however, a slight but significant decrease (p < 0.05) was observed in linoleic and linolenic acids contents of SBO. No formation of trans fatty acids was observed. Dostalova et al. [6] reported slight changes in fatty acid composition of pork lard, sunflower, zero-erucic rapeseed, peanut, and high-oleic peanut oils after 40 min microwave heating. Anjum et al. [15] noted that 15 min microwave roasting of sunflower seed increased the oleic acid content, and decreased the linoleic acid content and IVs of extracted oil. The reduction in IV (Table 2) is probably due to decrease in polyunsaturated fatty acids (PUFA) of microwaved oils.
FFAs
FFA of all the samples exposured to microwave heating showed slight but significantly increasing (p < 0.05) trend during treatment ( Table 2 ). OO showed higher initial and final acidity than the other oils, because it did not go through refining processes. Jittrepotch et al. [11] noted that FFA contents of peanut oil significantly increased (p < 0.05) during 6.5 min exposure to microwave heating (from 0.45 to 0.72%). Dostalova et al. [6] reported that the acid value changes were negligible in pork lard, sunflower, zero-erucic rapeseed, peanut, and high-oleic peanut oil samples microwaved for 40 min. Vieira et al. [4] found that FFA showed little, but significant increase during microwave heating, indicating hydrolytic alteration under heating in canola oil, corn oil, and SBO. FFA content of SBO (0.07-0.11%) were in good agreement with the results of Vieira and Regitano-D'arce [4] after 10 min microwave heating. The increase in FFA is due to the splitting of ester linkages of triacylglyceride molecules as a result of heating. [10] Tocopherols HO, OO, SBO, and SFO showed different tocopherol contents (Table 3 ). While α-tocopherol was the major tocopherol of HO and SFO (236.16 and 513.01 ppm, respectively), γ-tocopherol (240.86 ppm) was the most abundant tocopherol in SBO, followed by β-tocopherol (176.05 ppm) and δ-tocopherol (78.71 ppm). α-tocopherol (48.91 ppm) was the only tocol found in OO. In most of the samples tocopherol contents significantly decreased (p < 0.05) during heating by microwave energy. After 9 min of microwave heating OO, HO, SFO, and SBO lost 41.24, 37.0, 17.18, and 14.54% of their total tocopherol contents, respectively. Yoshida et al. [14] noted that more than 85% of tocopherols remained after 20 min of microwave roasting of pumpkin seeds. They also indicated that with a few exceptions, the exposure of sunflower seeds to microwaves for 12 min caused no significant (p > 0.05) changes in the content of tocopherols and PUFA in the kernels. [12] Anjum et al. [15] reported that after 15 min of microwave roasting of KI-39 and FH-330 sunflower varieties the amount of αtocopherol homologs was still over 76 and 81% of the original levels, respectively; however, in the same time period the level of δ-tocopherol fell to zero. Tocopherol destruction during microwave heating is caused not only by thermal oxidative degradation but also by the non-volatile compounds such as FFAs accumulating in the oil. [10] Different superscript letters in the same column for each oil indicate significant difference between values at p < 0.05 level in the same oil, and values are mean of three determinations±standard deviation. FAME: fatty acid methyl ester (%). Control 0.08 ± 0.00 a 0.23 ± 0.00 a 0.07 ± 0.00 a 0.10 ± 0.00 a 3 min 0.08 ± 0.00 a 0.24 ± 0.00 b 0.10 ± 0.00 b 0.11 ± 0.00 b 6 min 0.09 ± 0.00 b 0.25 ± 0.00 c 0.10 ± 0.00 b 0.12 ± 0.00 c 9 min 0.10 ± 0.00 c 0.25 ± 0.00 c 0.11 ± 0.00 c 0.13 ± 0.00 d a-d Different superscript letters in the same column for each oil indicate significant difference between values at p < 0.05 level for the same parameter, and values are mean ± standard deviation of duplicate determination. FFA: free fatty acids (%); IV: iodine value.
PV
PVs of all the samples slightly but significantly (p < 0.05) increased after 3 min exposure to microwave heating, then showed decreasing trend up to the 6 min and sharply decreased at 9 min (Fig. 1) . The initial PVs of HO, OO, SBO, and SFO were 3.29, 2.63, 8.22, and 7.12 meq O 2 /kg oil, respectively, and the final PVs of samples ranged between 0.62 and 0.75 meq O 2 /kg oil. HO and OO showed lower PVs than SBO and SFO because of their lower PUFA contents. Dostalova et al. [6] noted that fats and oils (pork lard and peanut, respectively) with lower polyenoic fatty acids showed lower PVs than oils with high polyenoic acid contents (i.e., SFO) during microwave heating. PV is a reliable parameter to evaluate the oxidative stability of oils and fats kept at ambient temperatures because hydroperoxides are unstable on heating at high temperatures. Microwave heating promotes rapid transformation to secondary products, so monitoring PV during microwave heating is considered to be a questionable analytical procedure. [4] The sharp decreases in PVs of tested samples at 9 min of microwave heating was probably a result of degradation of hydroperoxides to secondary oxidation products (i.e., hexanal). Vieira and Regitano-D'arce [4] indicated that corn oil and SBO exposed to microwave heating showed maximum PV at 4 and 6 min of heating, and canola oil showed a decrease in PV after 6 min of heating, followed by an increase (to 5.74 meq O 2 /kg oil) at 20 min and stabilization until 36 min. Lukesova et al. [7] noted that PV of rapeseed, SFO, SBO, and corn oil increased gradually as microwave heating was progressing until they reached to the highest values. They also indicated that the PV changes in oils during microwave heating showed different behavior according to their fatty acid composition.
Conjugated fatty acids
Conjugated diene contents of SBO and SFO significantly increased (p < 0.05) up to the 6 min, and then followed a decrease up to the 9 min of microwave heating (Table 4 ). After some increases at 3 min, conjugated diene contents of HO and OO showed decreasing trend up to the 9 min. SBO and SFO with higher linoleic acid contents showed higher initial and final conjugated diene contents than HO and OO. The conjugated triene contents of HO, SBO, and SFO significantly increased (p < 0.05) throughout the 9 min microwave heating ( Table 4 ). SBO showed the highest initial and final conjugated triene contents, probably due to its higher linolenic acid content (6.52%). OO with the lowest conjugated triene content showed significant increase (p < 0.05) at 9 min. El-Moneim et al. [33] reported a significant increase in absorptivity at 270 nm of extra virgin OO exposed to microwave heating started from 6 min heating. Vieira and Regitano-D'arce [4] found that absorptivity at 232 nm of canola oil, corn oil, and SBO increased gradually after 12 min of microwave exposure, and absorptivity at 270 nm significantly increased after 4 min of heating. The absorptivity at 270 nm reported by Vieira and Regitano-D'arce [4] for canola oil, corn oil and SBO increased from 0.762, 1.587, and 3.324 to 1.885, 2.833, and 3.894, respectively, after 36 min microwave heating. Molecular friction during heating could promote the formation of trienes and unsaturated ketones or aldehydes; secondary products of oxidation. [4] Lukesova et al. [7] reported that the PV, conjugated dienes, and trienes of rapeseed oil, corn oil, SBO, and SFO increased gradually as microwave heating was progressing. They also noted that conjugated dienes were formed at higher levels than conjugated trienes. Vieira and Regitano-D'arce [4] and Lukesova et al. [7] proposed that the absorbance at 232 nm, due to formation of conjugated dienes was a good index for measuring the degradation of microwave heated oils. Dostalova et al. [6] noted that conjugated dienes were better markers of oxidative deterioration than hydroperoxides, especially at later stages of microwave heating.
Hexanal
Hexanal contents of oil samples significantly increased (p < 0.05) throughout the microwave heating with a remarkable increase at 9 min of exposure ( Fig. 2) . Hexanal contents of HO, OO, SBO, and SFO increased 63-, 28-, 55-, and 389-fold, respectively, after 9 min exposure to microwave heating. Interestingly, the increase in hexanal contents at 9 min of exposure to microwave heating accompanied with a sharp decrease in PVs of the samples (Fig. 1 ). There have been very few reports related to hexanal contents of vegetable oils. Recently Kiralan and Kiralan [34] reported that the hexanal content of HO increased from a initial value of 5.58 to 7.08 area unit after 8 min to microwave heating. As the secondary oxidation products, researchers mostly evaluated the changes in p-anisidine and TBARS values of oils during microwave heating. Megahed [35] reported that p-anisidine value of linseed oil increased from 2.63 to 58.52 after 5 min microwave heating. The p-anisidine and TBARS values of oils extracted from peanut seeds exposed to microwave heating for 0-6.5 min changed from 0.58 to 0.90 and 0.02 to 0.03 mg/kg, respectively. [11] Microwave heating promotes rapid transformation of hydroperoxides which are unstable under heating to secondary products. [4] SBO with higher linolenic acid content was expected to show higher hexanal content than SFO. The lower hexanal content of SBO may be due to its higher β-, γ-, and δ-tocopherol contents than SFO. At frying conditions the antioxidative potential of tocols increased in the following order: α < γ < δ for tocopherols and α < β < γ < δ for tocotrienols. [36] Lee et al. [37] indicated that the induction period of SFO, SBO, and OO at 40 and 60ºC were 15.3, 22.4, 35.3, and 3.6, 5.3, and 7.5 days, respectively. They noted that SFO was more sensitive to oxidation than SBO, and OO was the most stable. OO showed the lowest PV at 6 min as well as the lowest hexanal content at 9 min. This is due to its lower PUFA content. Cossignani et al. [38] indicated that changes of OO due to microwave heating were only small because of the low contents of polyenoic acids and relatively high contents of natural antioxidants, especially in OO. Hexanal was the only oxidation product that continously increased throughout the microwave heating in all oil samples. Garcia-Martinez et al. [21] reported that hexanal was the major volatile oxidation compound found in oil and triacylglycerols rich in linoleic acid, and hexanal and heptanal equally were the most abundant compounds in oil and triacylglycerols rich in conjugated linoleic acid, analyzed by SPME-gas chromatography technique. Hexanal is known as a reliable indicator for oil and fat oxidation. [17, 19, 20] 
Kinetic analysis
As mentioned before, we observed a relation between peroxide degradation and hexanal formation during microwave heating. While peroxide showed a dramatical decrease at 9 min of microwave heating, hexanal conversely represented a sharp increase at the same time interval. The peroxides in oxidized oils are transitory intermediates that decompose into various carbonyl compounds. [39] Unlike hydroperoxides, aldehydes do not decompose rapidly during oxidation. So aldehyde such as hexanal is considered as a reliable indicator for secondary oxidation products. In some oil samples the generation of secondary oxidation products begins almost simultanously with the generation of hydroperoxides, and in other, the degradation of hydroperoxides begins when the concentration of these compounds in appreciable. [40] In this study, the PV changed in a narrow range up to 6 min and significantly decreased after 6 min up to 9 min while hexanal slightly formed up to 6 min and sharply increased up to 9 min. To the best of the author's knowledge, such a relation between PV and hexanal was not reported before. To help clarify the situation we applied kinetic analysis to PV and hexanal during 9 min microwave heating. The results are summerized in Table 5 .
The results showed that in the tested oils the reaction rate followed the order: SBO ˃ SFO ˃ HO ˃ OO for peroxide, and SFO ˃ SBO ˃ HO ˃ OO for hexanal. The reaction order (α) for peroxide was zero order and for hexanal was first order (β). The order of a reaction is important since it tells the functional relationship between concentration and rate. The order of a reaction determines how the amount of a compound speeds up or retards a reaction. The zero order of reaction for PV means that it has a rate which is independent of the concentration of reactant [41] and it also showed that the reaction rate is controlled by the reaction rate constant. [32] The first order reaction for hexanal formation shows that the rate of this reaction depends only on the first power of the concentration of a single reacting species. [41] The cumulative effects of different parameters make oxidation of oil systems highly complex so a simple model does not express good enough the reactions in whole system.
Basturk et al. [32] reported the reaction rates and orders of primary (PV) and secondary oxidation products (anisidine value) for SBO during storage at 45, 60, and 75°C. They noted that the reaction rates increased as the storage temperature increased for both primary and secondary oxidation products as well as reaction order of primary oxidation products. They also mentioned that during oxidation, primary and secondary oxidation products were simultanously generated.
Conclusions
Microwave heating promotes the oxidative deterioration of vegetable oils. Significant decreases (p < 0.05) were observed in linoleic and linolenic acids contents of SBO and tocopherol contents of tested oils after 9 min exposure to microwave heating. FFA of oils showed significant increase (p < 0.05) during treatment. PVs of samples increased up to 3 min, then sharply decreased at 9 min. The conjugated diene acid contents of samples initially increased and finally decreased at 9 min. The conjugated triene acids of HO, SBO, and SFO significantly increased (p < 0.05) during microwave heating. The simultanously evaluation of PV and hexanal levels showed that at 9 min of microwave heating, a considerable amount of peroxides were converted to hexanal. Since peroxides and conjugated dienes showed irregular variations, and triene acids increased in a narrow range during microwave heating, to evaluate the quality of microwaved oils, parameters such as hexanal which presents the secondary oxidation products should be taken into account. In conclusion, hexanal can be considered as an indicator to evaluate the adverse effects of microwave heating on quality of vegetable oils. Table 5 . Peroxide and hexanal reaction rate constants (k 1 and k 2 ) and reaction orders (α and β). 
Oils
